ABSTRACT
INTRODUCTION
The von Willebrand Factor (VWF) is a complex multimeric glycoprotein that plays an important role in coagulation as the carrier protein for Factor VIII (FVIII). VWF is also essential for maintaining the integrity of the endothelium and for primary hemostasis. VWF serves as a bridging protein between components of the vessel wall and two platelet membrane glycoprotein (GP) receptors, GPIb and GPIIb/ IIIa (integrin α IIb β 3), or between platelets themselves (26) . VWF binding to GPIb can be induced in vitro, in the presence of nonphysiologic modulators such as ristocetin, botrocetin, or bitiscetin. VWF also binds to extracellular matrix components such as fibrillar type I and III collagen and to non fibrillar type IV collagen. In vitro, VWF binds to heparin, suggesting that it also interacts with proteoglycans of the subendothelium.
VWF gene spans 178 kb, contains 52 exons (15) , and is located on chromosome 12. VWF mRNA spans 8.8 kb and encodes a 2813-amino-acid precursor protein (pre-pro-VWF) composed of a 22-amino-acid signal peptide, a 741-amino-acid propolypeptide (von Willebrand Antigen II, VWAgII) and the 2050-amino-acid mature VWF subunit ( Figure 1 ) (1) . VWF primary structure is composed of five distinct types of domains (A, B, C, D, and CK) represented as single or multiple copies. The three A domains are contiguous, each A1 and A3 domain containing two cysteines linked through an intrachain disulfide bond and forming loops of similar length of 185 amino acids.
Several functional domains often coinciding with structural domains have been defined on the VWF subunit.
The binding domain of VWF to FVIII is localized on the N-terminal part of VWF subunit between amino acids 1 and 272 (5, 29) . Binding sites for GPIb are within the A1 domain between amino acids 596 and 616, 629 and 632, and 542 and 645 (13, 17) . Recently, a direct interaction has been demonstrated between Lys 599 and GPIb (16) . Binding sites for collagen have been identified within A1 and A3 loops (8, 12, 14, 22) . The role of the sequences 542-622, 948-995 (25) , and 1018-1114 (3) have been demonstrated, His 1023 exhibiting a major role in VWF interaction with collagen while those of Arg 963 and 1116 are minor (24) . A VWF binding site to activated GPIIb/ IIIa is located in the C-terminal part of the subunit overlapping an Arg-GlyAsp sequence [RGD (single-letter amino-acid codes), amino acids 1744-1746] commonly found in many adhesive proteins that interact with integrin receptors (7) . However, the accurate localization of VWF binding domains for its ligands still remains to be determined. Epitope mapping of monoclonal antibodies (MoAbs) known as specific inhibitors of an interaction of VWF with one of its ligands appears as a powerful method to define the amino acids having a key role in the VWF functional domains.
One of the methods used to analyze antigen-antibody interactions is based on the screening of MoAbs with a large number of peptides corresponding to short sequences of the antigen by using gene-targeted libraries displayed on phages (30) or in bacteria (10) . In addition, the same methodology can be performed for direct screening of ligands, leading to the determination of their interaction site.
To 
MATERIALS AND METHODS

Construction of VWF Recombinant Libraries
Two independent VWF cDNA fragment libraries were constructed in pSCREEN™ T-Vector upon modifications of the manufacturer's recommendations (Novagen). The 11-kb plasmid pTG 3527 (10 µ g in 10 µ L) containing full-length VWF cDNA cloned into the vector pTZ 18 (Amersham Biosciences, Uppsala, Sweden) (18) was digested in the presence of 10 mM MnCl 2 for 10 min at 37°C by various amounts (0.008 to 0.5 U) of DNase I (DNase Shotgun ® cleavage kit; Novagen). VWF cDNA fragments were separated by electrophoresis on a 0.8% agarose LMP agarose gel (Invitrogen, Cergy-Pontoise, France). Fragments with appropriate sizes for cloning (i.e., 45-300 bp and 300-1000 bp, respectively) were eluted out of the gel with TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.0) for 18 h at 4°C using the Elutrap ® system (Schleicher & Schuell, Ecquevilly, France) set at 10 V. The eluted VWF cDNA fragments with protruding ends were then extracted with phenol and purified using Elutip-d ® columns according to the manufacturer's recommendations (Schleicher & Schuell). A part of the cDNA fragments (1 µ g) was treated with T4 DNA polymerase (2 U in 25 µ L) to ensure flush-ends and was ligated to single 3 ′ dA residues using 1.25 U TthDNA polymerase in 85 µ L (single dA tailing kit; Novagen) according to the manufacturer's instructions. Assays of ligation of VWF cDNA fragments (10 ng in 10 µ L) to pSCREEN T-Vector were performed with the DNA ligation kit (NovaTope system) using various amounts of plasmid, from 50 ng (manufacturer's conditions) to 2 µ g.
Finally, the capacity of the competent cells to get good transformation efficiency was assayed using the test plasmid (Novagen) with either competent NovaBlue (DE 3 ) cells from Novagen or electrocompetent NovaBlue (DE 3 ) cells prepared in the laboratory according to the method of Sambrook et al. (27) .
Two VWF primary libraries were constructed through transformation of 50 µ L electrocompetent NovaBlue (DE 3 ) cells with 1 µ L of the ligation. A small-fragment library (library S) expressed VWF random peptides of 15-70 amino acids, and a large-fragment library (library L) expressed VWF peptides of 100-300 amino acids.
MoAbs
MoAbs (IgG) against VWF were produced and characterized as previously described (19) . In the present study, MoAbs were used as purified IgG. MoAb 9 ( Figure 1 ) blocks VWF binding to GPIIb/IIIa (20) . Its epitope belongs to a region extending between amino acids 1704 and 1746 (23) . MoAb 522 is directed against the N-terminal part of VWF subunit and inhibits VWF/FVIII interaction. Its epitope is localized between amino acids 35 and 81 (23) . MoAb 724, recognizing a conformational epitope located between amino acids 512 and 673 (2), inhibits VWF binding to GPIb in the presence of botrocetin and bitiscetin (21) 
Bacterial Lysate for Immunoscreening
NovaBlue (DE 3 ) cells were grown in 100 mL Lennox L Broth medium (Difco Laboratories, Detroit, MI, USA) containing 15 µ g/mL tetracyclin until absorbance of the culture at 600 nm reached 0.6. After centrifugation at 5000 ×gfor 10 min at 4°C, cells were resuspended in 20 mL 50 mM TrisHCl, 10 mM EDTA, pH 8.0, and sonicated six times for 20 s. The volume was adjusted to 100 mL, and after centrifugation for 10 min at 8000 ×g , the supernatant containing bacterial lysate was aliquoted and stored frozen. Aliquots were diluted 50-fold in TBS (25 mM Tris-HCl, pH 7.4, 150 mM NaCl) before use.
Immunoscreening
Libraries were plated onto 140 mm diameter Petri dishes filled with 2% bacto-agar (Difco) in Lennox L Broth medium containing 15 µ g/mL tetracyclin and 50 µ g/mL carbenicillin. Plates were incubated for 18 h at 37°C. They were chilled for 30 min at 4°C and overlaid for 1 min with BA 85 nitrocellulose filters (Schleicher & Schuell), reincubated for 4 h at 37°C, and finally stored at 4°C. Bacteria on the filters were lysed by a 15-min incubation in a CHCl 3 tration of approximately 0.3 µ g/mL (approximately 10 6 cpm/mL). At the selected incubation times, the filters were extensively washed and associated radioactivity was revealed by autoradiography for 24 h at -80°C. Positive clones were individually picked from the plates and incubated in 5 mL Lennox L Broth medium containing 15 µ g/mL tetracyclin and 50 µ g/mL carbenicillin at 37°C for 18 h. Plasmid DNA was purified using a NucleoSpin ® Plasmid column (Macherey Nagel, Hoerdt, France) according to the manufacturer's instructions. Plasmid DNA inserts (400 ng) were sequenced using the ThermoSequenase ™radiola -beled terminator cycle sequencing kit (Amersham Biosciences, Saclay, France), T7 terminator, and T7 gene-10 primers provided by Novagen.
Sequence Analysis
Comparison of insert sequences and VWF cDNA sequence was performed using lFastan software at infobiogen Web site (www.infobiogen.fr).
RESULTS AND DISCUSSION
Successful screening of a randomly cleaved cDNA expression library requires a number of independent clones (N) that depends on the average size (in bp) of the cloned fragments (L) and of that of the starting cDNA (n), according to the formula N = 6 × ln(1-P )/ln(1-L/n). P , the probability of isolating a particular sequence, is generally set up at 0.99. Mapping of MoAbs using peptide libraries requires inserting cDNA fragments long enough to undergo a structural conformation of the epitope into the fusion proteins. However, small cDNA fragments are theoretically more valuable to precisely determine the sequence of an epitope. Therefore, two separate libraries, a small-fragment library (S, inserts of 45-300 bp) and a large-fragment library (L, inserts of 300-1000 bp) were constructed in bacteria using the NovaTope system. Taking into account the size of the starting material (11 kb), the three possible reading frames, and the two possible orientations, an efficient screening requires the analysis of at least 1725 and 460 clones when using S and L libraries, respectively. When performed according to the manufacturer's recommendations, the ligation was not efficient to get enough primary clones for each constructed library. Consequently, we have sought new experimental conditions to optimize the number of independent clones in both libraries ( Table 1) .
Analysis of the digestion pattern of plasmid pTG 3527 was performed following digestion with increasing amounts of DNase I. The best results were obtained with 0.25 U DNase I in a total volume of 10 µ L, instead of 0.008 U or lower in 10 µ L as recommended. Upon separation in agarose gel, fragments with sizes ranging from 45 to 300 and 300 to 1000 bp were respectively electroeluted and ligated in pSCREEN T-Vector. The best ligation efficiency was obtained with 1 µ g plasmid, leading to 4 ×10 4 and 1 ×10 4 colony forming units (cfu)/ µ L ligation reaction for S and L libraries, respectively, with electrocompetent NovaBlue (DE 3 ) cells. Higher plasmid quantities did not improve the ligation.
We then observed that the quality of the competent cells was also important to get enough transformants for screening. The electrocompetent NovaBlue (DE 3 ) cells prepared in the laboratory gave a transformation efficiency of 2 × 10 9 cfu/ µ g of test plasmid, significantly higher than that obtained with the competent cells from Novagen (1 × 10 6 cfu/ µ g).
The first immunoscreening steps have been performed with various concentrations of anti-VWF MoAbs and a range of incubation times varying from 30 min to 18 h in the presence or absence of bacterial lysate. The second incubation to reveal the bound MoAbs was also performed for varying incubation times from 30 min to 18 h. We observed only a poor staining with goat anti-mouse IgG coupled to alkaline phosphatase or peroxydase. The result was significantly improved using 125 Ilabeled second antibody. The overall optimal conditions corresponded to 5 h of incubation with 0.25 µ g/mL MoAbs in the presence of bacterial lysate, followed by 5 h of incubation with 125 I-goat antimouse IgG (Table 1) . These results may reflect low affinities of the MoAbs for the expressed epitopes. The VWF pep -tides are produced in bacteria fused to the first 260 amino acids of the T7 gene-10 protein and may consequently be improperly folded. Otherwise, the low affinity that we observe may result from the immobilization of VWF peptides onto the nitrocellulose sheets.
In addition, we always observed a high background upon screening, which was significantly decreased when NovaBlue bacterial lysate was added during incubation of the primary antibody. This suggests that a strong nonspecific binding occurred between the MoAbs and the bacterial proteins blotted on the filter surface.
To control the correct insertion of VWF cDNA fragments, 24 plasmids purified from clones of each primary library, respectively, were sequenced. The 48 sequences corresponded to VWF cDNA fragments. Four and three of them from S and L libraries, respectively, were cloned in the coding direction and in the correct reading frame. This result was in agreement with the expected value of 1 correct reading frame and orientation for expression out of 6. Both libraries were amplified once. During this procedure, we observed the appearance of some uncontrolled clones containing a plasmidic DNA of small size. Several groups using random peptide libraries (28) or antibody libraries (9) previously reported similar observations. Our experiments demonstrated that this material did not result from a contamination by a bacterial clone. We observed that it did not appear when transforming homemade electrocompetent NovaBlue bacteria with unrelated vectors (i.e., pUC 18) or when transforming commercial electrocompetent XL1-Blue ® bacteria with the VWF cDNA libraries cloned in pSCREEN T-vector. Besides, it did not contain any VWF cDNA insert or sequences surrounding the cloning site. Thus, since these clones have not integrated any VWF cDNA fragments, the libraries were used for screenings.
Both libraries were controlled using MoAbs either inhibitors (9, 522, and 724) of VWF functions or directed against reduced VWF (345, 551, and 723) recognizing conformational or linear epitopes. Figure 2 shows the amino acid sequences and the overlapping peptidic domains deduced from analysis of VWF cDNA fragments inserted in positive clones by screening with MoAbs 9, 345, 522, and 551. Our results localize epitope of MoAb 9 between amino acids 1710 and 1741. This is in agreement with previous studies by binding analysis (11, 31) , suggesting that epitope of MoAb 9 does not include the RGD sequence (1744-1746) of VWF but involves a region surrounding Arg 1715. Epitope of MoAb 345 belongs to the amino acid 1747-1758 sequence of VWF subunit, which overlaps the sequence of the peptide (amino acids 1744-1758) used to raise the MoAb. MoAb 522 binds within amino acids 47-76, which is in correlation with previous observations, locating the epitope between amino acids 35 and 81 (23) , and with the ability of MoAb 522 to inhibit VWF-FVIII interaction (29) . MoAb 551 is known to bind to the proteolytic P34 fragment of VWF (amino acids 1-272). In the present study, the binding sequence was significantly restricted to that extending between amino acids 126 and 172. Therefore, even though the two MoAb 723 and MoAb 724 were not mapped, our results demonstrate that the two VWF libraries we constructed are useful tools for screening MoAbs.
The manufacturer's comments emphasized that expression libraries might not be appropriate to determine discontinuous or conformational epitopes. We screened three inhibitor MoAbs presumably directed against conformational domains. Our results with two of these MoAbs (i.e., MoAb 9 and 522) suggest that the epitope libraries could lead to the determination of conformational epitopes. However, the length of the deduced sequences by screening for epitopes recognized by MoAbs 9 and 522 were close to 50 amino acids (Figure 2) , leading to overlapping sequences of about 30 amino acids. In addition, the proportion of positive clones was not equivalent from one library to the other. Using the L library, positive clones were obtained with four antibodies, whereas the S library failed to work with MoAb 551. These latter results suggest that epitope libraries seem to be more appropriate for positive screenings when displaying rather large fragments. Positive clones were not obtained when screening MoAb 723 and MoAb 724. Since these two MoAbs had been raised against the 39/34-kDa proteolytic fragment (A1 loop) of VWF, our results may suggest that epitopes located in the A1 loop are discontinuous or conformational. This is supported in part by crystallographic studies giving strong evidence of a rather complex 3-D structure in this VWF region (4) .
In conclusion, the NovaTope method has been widely modified to obtain two VWF peptide libraries expressing two ranges of peptide length (15-100 R e searchR e po r t 
